An efficient protocol for the genetic transformation of cell suspension cultures of several citrus cultivars using Agrobacterium is described. Cell suspension cultures of Citrus sinensis 'Hamlin', 'Valencia' and 'OLL8' (an early maturing 'Valencia' like somaclone), Citrus unshiu 'Okitsu wase' and Citrus reticulata 'Ponkan' and 'W. Murcott' were transformed using A. tumefaciens EHA105. It was determined that hygromycin was a better selection antibiotic than kanamycin and efficient transformation results were obtained only when an Agrobacterium strain containing hptII as a selectable marker was utilized. The EGFP protein was visualized in transgenic embryos within 6 weeks of transformation. Several transgenic plants were obtained using this protocol and hptII and egfp gene integration was confirmed. Amenability of cell suspension cultures to transformation using Agrobacterium would allow the transformation of any cultivar that can be induced in vitro as embryogenic cell masses, including special seedless sweet oranges or Satsuma mandarins and other difficult-to-transform cultivars of the mandarin/tangerine or lemon group.
INTRODUCTION
In recent years, there has been a major thrust in citrus improvement research due to competition in international citrus markets and increasing disease, pest and abiotic pressures on citriculture (Grosser et al., 2000) . Several strategies exist for the genetic improvement of citrus including conventional breeding and genetic transformation (Pena et al., 2007) . Currently, genetic transformation as a tool for citrus improvement is gaining in popularity. This method of citrus improvement is especially useful in cases where it is not possible to engineer a particular trait of interest to an otherwise elite cultivar using conventional breeding (Dutt et al., 2010) . Different methods have been used for incorporation of transgenes into citrus. These methods include Agrobacterium-mediated transformation using juvenile in vitro epicotyl segments (Moore et al., 1992; Dutt and Grosser, 2009) , mature internode segments obtained from greenhouse-grown plants (Cervera et al., 1998; Almeida et al., 2003) or embryogenic callus obtained from unfertilized ovules (Li et al., 2002) . Direct incorporation of DNA into protoplasts using electroporation (Niedz et al., 2003) or PEG mediated (Fleming et al., 2000; Omar et al., 2007) have also been reported.
Of the above, the most popular method for transformation of a wide range of citrus cultivars is the Agrobacterium-mediated transformation using juvenile epicotyls as explants. This technique, although popular, has several drawbacks in that it cannot be used in cultivars that do not produce seeds like seedless sweet oranges, lemons or Satsuma mandarins. Also, several seedy cultivars in the genus citrus, including specialty cultivars in the mandarin/tangerine group remain difficult to transform using this method.
In this study, we investigate an alternate method of transformation using cell suspension cultures.
MATERIALS AND METHODS

Initiation of Embryogenic Suspension Cell Masses
Immature fruits (approximately 150-180 d after pollination) were collected from Citrus sinensis 'Hamlin', 'Valencia' and 'OLL8' (a high-quality, highly colored 'Valencia'-like somaclone) and Citrus reticulata 'Ponkan' and 'W. Murcott' (tangor) trees maintained at the Citrus Research and Education Center campus, Lake Alfred, Florida. Unfertilized ovules were extracted from surface sterilized fruits and plated onto solid callus induction medium (DOG medium consisting of MT (Murashige and Tucker, 1969) agar and 5 mg L -1 kinetin). Ovules were subcultured on a monthly basis until production of embryogenic callus. The callus was maintained by monthly transfer on a hormone-free, callus-maintenance (EME) medium (Grosser and Gmitter, 1990) . Embryogenic callus of Citrus unshiu 'Okitsu wase' was obtained from the National Institute of Horticultural & Herbal Science, Jeju, Korea. For cell suspension cultures, approximately 5 g of callus was incubated in 25 ml liquid H+H cell proliferation medium on a 2-week transfer cycle according to Grosser and Gmitter (1990) . Actively dividing suspension cells were treated with Agrobacterium 7 d after the third subculture.
Agrobacterium-Mediated Transformation
All initial transformation experiments to establish a working protocol were carried out using 'Hamlin'. The protocol thus developed was applied to the other cultivars evaluated in this study. Agrobacterium-mediated transformation was carried out either with an EHA105 strain containing pCAMBIA 1300-GFP (containing hptII and gfp genes, each driven by a d35s promoter) or an EHA105 strain containing pCAMBIA2300-GFP (containing nptII and gfp genes, each driven by a d35s promoter) (Fig. 1) . Actively dividing suspension cells were incubated in liquid EME medium containing the appropriate Agrobacterium strain for 20 min. Subsequently, cells were blotted dry on sterile Whatman filter paper disks, plated on solid EME medium supplemented with 100 µM acetosyringone and incubated in the dark at 25°C for 5 d before transfer to EME medium containing either 25 mg.L ). Following callus proliferation and embryo development, the embryos were observed for EGFPspecific fluorescence and transferred into fresh EME medium for proliferation.
Selection and Further Development of Transformants
EGFP-specific fluorescence was evaluated using a Zeiss SV11 epi-fluorescence stereomicroscope equipped with a light source consisting of a 100 W mercury bulb and a FITC/GFP filter set with a 480 nm excitation filter and a 515 nm longpass emission filter (Chroma Technology Corp., VT, USA). Embryoids observed to be GFP positive were cultured over 0.22 m cellulose acetate membrane filters placed on solid EME medium to normalize and enlarge the embryoids (Niedz et al., 2002) . Somatic embryos were subsequently enlarged on EME-1500 embryo maturation medium and germinated on B+ medium. Plantlets were transferred for further root development and growth into RMAN rooting medium. After a month of growth in vitro the rooted plantlets were potted into metromix commercial potting medium and acclimated to greenhouse conditions. Unless otherwise mentioned, all media formulations were as described by Grosser and Gmitter (1990) .
Analysis of Transgene Integration
Citrus genomic DNA, used as template for PCR, was used to confirm the presence of the transgene(s) in the citrus genome. DNA was isolated from 100 mg of young leaves of transgenic citrus plants using the GenElute™ Plant Genomic DNA Miniprep Kit (Sigma-Aldrich Corp., St. Louis, MO, USA 
RESULTS AND DISCUSSION
Effect of Antibiotic Selection on Transformation
It was observed that kanamycin was ineffective in the selection of 'Hamlin' cells following transformation. Even very high levels of kanamycin (200 mg L -1 , data not shown) were not adequate to prevent escapes. Similar results were also observed in the other cultivars evaluated in this study. Inefficient kanamycin selection was due to cells overcoming the effects of the antibiotic. Kanamycin selection subsequently resulted in very low GFP+ embryo production due to escapes (Fig. 2) . In contrast, hygromycin based selection efficiently discriminated between the transgenic and non-transgenic cells by suppressing the non-transgenic cells and allowing efficient proliferation of transformed cells. In subsequent experiments, hygromycin was used for selection and discrimination between the transgenic and non transgenic cells.
Genetic Transformation of Embryogenic Suspension Cultures
Several cultivars including Citrus sinensis 'Hamlin', 'Valencia' and 'OLL8' (an early maturing 'Valencia' like somaclone), Citrus unshiu 'Okitsu Wase' and Citrus reticulata 'Ponkan' and 'W. Murcott' have been transformed using A. tumefaciens EHA105 containing pCAMBIA 1300-GFP. The transformation efficiency using embryogenic suspension cells however depended on the cultivar, and it was determined that 'W. Murcott' was the easiest cultivar to transform in the mandarin/tangerine group, while 'Hamlin' and 'OLL8' behaved similarly in their ability to incorporate the transgene of interest in the sweet orange group (Table 1) . In contrast to Agrobacterium-mediated transformation using epicotyl explants, chimeric transgenic plants were not observed in any of the cultivars evaluated in the study. This could be due to the single-cell origin of somatic embryos (Haccius, 1978) .
PCR Detection of the hptII Selectable Marker Gene and the gfp Reporter Gene in Transgenic Plants
GFP protein production was visualized in embryogenic citrus cells within a month after transformation. All putative regenerated transgenic shoots in RMAN medium was evaluated by PCR to confirm presence of both the hptII selectable marker gene and the gfp reporter gene in transgenic plants. PCR analysis indicated that all plants that expressed the GFP protein contained the gene stably incorporated in the plant's genome (Fig. 3) . Thus, the observable GFP expression ensured the early and efficient detection of transgenic plants for subsequent molecular analysis and evaluation.
CONCLUSIONS
Agrobacterium-mediated transformation of citrus cell suspension cultures coupled with the ease of detection using GFP as a reporter gene would potentially allow the transformation of any cultivar that can be induced in vitro as embryogenic cell masses. This can result in the genetic transformation of difficult-to-transform cultivars including special seedless sweet oranges or Satsuma mandarins and other difficult-to-transform cultivars of the mandarin/tangerine or lemon group. Such cultivars can be transformed with genes encoding for antimicrobial or insecticidal proteins to control a range of bacterial / fungal pathogens as well as harmful insects such as citrus aphids and the Asian citrus psyllid, amongst others. 
